During the manufacture and overhaul of gas turbines it is necessary to ensure that all blades in a stage are of an equal and known length to minimise the loss in performance that arises as a consequence of the clearance between rotor tip and engine casing. Modern compressor and turbine blades are generally loose fitting in their root fixings and only adopt their true working position when running.
INTRODUCTION
The continuing effort by gas turbine manufacturers to improve the efficiency of their product has led to the use of sophisticated computer codes to minimise aerodynamic losses through the blading. This has resulted in complex three dimensional aerofoil designs which minimise the losses associated with the various secondary flow mechanisms in the gas path. As aerodynamic losses have been reduced, so losses associated with tip clearance effects have become a larger proportion of the remaining loss.
The use of an abrasive material over rotating blading is common as it allows the blades to cut their own path when the engine is new, so ensuring that the clearance is the result of blade to casing contact at some point during the flight cycle and, therefore, the minimum that may be achieved. Clearly, the technique of allowing the blading to cut its own path through an abradable over tip material will not work well if one blade is significantly longer than the rest. The long blade will cut a path which will result in larger clearances over every other blade. At first sight the problem may seem trivial, simply ensure all blades are the same length, however the design of modern blade root fixings in their disc is such that they are a loose fit and do not adopt their true working position until centrifugally loaded.
In order to measure the radius of a bladed disc over each blade it is necessary to spin it fast enough to load the blading into its working position. The problems associated with measuring the radius of a bladed disc whilst rotating are formidable and, until recently, were simply not addressed. This has, however, changed and the V2500 engine, for example, now specifies in its build and overhaul procedures that the bladed discs must be machined to a known diameter as an assembly. The technique of grinding individual blades to a known length and fitting them in a disc of known diameter has specifically been cited as inadequate to meet the required initial build and overhaul performance.
In this paper two techniques for measuring the radius of a bladed disc are described.
The first of these techniques has been in service with engine Figure 1 A schematic view of the electromechanical SMP probe and actuator mounted on a gas turbine, with the controller displaying distance from the probes datum to the rotating blading. Figure 2 The electromechanical SMP. For tip grind applications a bayonet type probe cartridge with a soft copper tip is used to facilitate rapid probe changes and to prevent the probe electrode damaging the binding in the event that the electrode physically contacts the blade.
manufacturers and overhaul shops for over five years. The second utilises a new measurement system which is a development of the original technique and was produced in response to the changing needs of the gas turbine community.
RADIUS TO THE LONGEST BLADE
During the early 1970s the desire to machine bladed discs became a need and the gas turbine community began to look for machine tools that could meet it. The problem was not one of machining because, although the machining of a bladed disc does present problems, they can be addressed using those methods and techniques commonly utilised within the machine tool trade. The problem was one of measurement, when a blade does not adopt its true working position until centrifugally loaded by revolving at over 1000 rpm.
MEASUREMENT TECHNIQUE SELECTION
Standard machine tool gauging techniques were simply never intended to measure the position of the discontinuous surface represented by the blades of a disc while rotating. Some other technique was required.
The gas turbine industry has developed techniques for measuring the clearance between the compressor and turbine blading and the casings in which they run. While this measurement is different to that required for the measurement of a bladed disc during machining, it was recognised that the techniques used for tip clearance measurement in gas turbines might be more applicable to the measurement of bladed disc radius during machining than conventional machine tool techniques.
A Stepper Motor driven Probe (an SMP) utilising a spark/discharge principle of operation was originally developed by Davidson et al [1983] for clearance measurement in gas turbines. The development of a miniaturised SMP and a detailed description of its principle of operation are given by Sheard & Turner [1992] . The original SMP of Davidson et al has been in use for over twelve years measuring blade to casing running clearances and over five years in tip grinding applications. The system comprises a probe, actuator and electronic controller, Figure 1 . In its original application the probe would be inserted into an engine and spring loaded onto an inner casing on which a datum face had been machined.
The actuator, Figure 2 , contains a stepper motor drive assembly and an electronics module. The electronics module generates 400 Volts (V) which is applied to an insulated electrode running down the probe. The controller provides stepper motor drive pulses and interrogates the electronics module after each step. As the stepper motor drives the insulated electrode forward, the electrode is pushed out of the probe tip towards the rotating blading. When the electrode comes within 3 to 4 microns of an electrically grounded target, such as a passing blade, there is a breakdown of the air in the gap and a spark jumps from the electrode to the blade.
The electromechanical system measures to the longest blade around a disc, as this is the first one encountered. While this was recognised as a limitation, after machining the blades should all be the same length so an accurate measurement of the finished diameter would be provided.
OPERATING PROCEDURE
All tip-grind installations of SMP's are on manual grinding machines, with Figure 3 being a typical example. Each machine has a different specification and, therefore, a different operating procedure is used when tip grinding. The operating procedure described below is typical of those used routinely.
The tooling used to hold the compressor drum which is to be machined incorporates a datum face and datum discs of known dimensions, Figure 4 . After mounting on the grinding machine concentricity of the datum disc and a second reference diameter, such as a bearing surface at the far end of the assembly, are checked as is the swash of the datum face. These are typically set to better than 0.025 mm. The SMP actuator and probe are mounted on the grinding machine, Figure 5 . In some installations it is free to move axially over the datum discs, blading and second reference diameter. In other installations it is fixed with the tooling and compressor drum being moved relative to it. The probe is datumed against the axial datum face so its axial location is known. The assembly is rotated at between 1000 and 2000 rpm, depending on rotor diameter.
The measurement system is brought up to the datum disc radial face and a measurement made to the datum disc. It is then moved the appropriate axial distance, Figure  4 , over the first set of blades. A second measurement is taken, this time to the rotating blading. From a knowledge of the datum disc diameter, the first and second measurements, the radius of the bladed disc may
The blading of a typical compressor drum and the datum discs illustrating how the radial and axial datum faces enable blades with a hade angle to be machined.
PLAN VIEW Grinding Wheel Datum Disc
Figure 5 A schematic view of a bladed disc assembly fitted on a grinding machine with datum discs and SMP measurement system. be calculated. Once rotating radius of the bladed disc is known the grinding wheel is used to grind it to the required radius. The blades are then de-burred with a wire wheel and the measurement technique repeated. If necessary, further cuts are taken.
The above procedure is a reliable and cost effective solution to the problem of machining bladed disc assemblies when the blades are a loose fit in their root fixings. For many applications this is adequate,
Mounting
as the total accuracy that may be achieved on radius for a well set up rotor on a good grinding machine is +0.025 mm and typically no more than +0.05 mm on diameter.
RADIUS OVER EVERY BLADE
There are instances where there is a need to measure radius over every blade around a disc and in these cases the SMP of Davidson et al is not suitable. Optical triangulation systems, such as that described by Barranger & Ford [1980] , use a laser to measure clearance over individual blades. These systems are large and inherently fragile and therefore are not ideal for use in the tip grinding process. Capacitance probes are small and rugged devices which are routinely used to measure tip clearance in gas turbines. A capacitance based clearance measurement system was designed by Chivers [1989] and developed by Killeen et al [1991] . This system was further developed by Sheard et al [1992] who designed a "measurement head" able to measure clearance over individual blades to an accuracy of ±0.01 mm. The measurement head was shown to be insensitive to variations in blade thickness and could be calibrated on line immediately prior to use so eliminating any errors due to drift with temperature.
A CAPACITANCE BASED MEASUREMENT SYSTEM
The measurement head contains a traverse actuator, electronics module and capacitance probe oscillator, Figure 6 . The compact design enables this to be fitted within a 195 mm diameter hermetically sealed case, which enables it to be used to measure internal stator blade radius down to a minimum stator internal diameter of 200 mm. The 8 mm diameter probe incorporates an insulated electrode and capacitance probe. The electronics module, oscillator and probe are mounted on a traverse actuator carriage and may be stepped in towards the blading which facilitates probe calibration.
A capacitance probe utilises its own tip and a target as the two plates of a capacitor. As capacitance is proportional to plate separation, so the capacitance measured as a blade passes is proportional to the distance of that blade from the probe tip. The probe tip capacitance tunes an oscillator circuit.
As the value of capacitance at the probe tip changes, so the resonant frequency of the circuit changes. The blade passing results in a modulation of the oscillators natural frequency which is known as a Frequency Modulated (FM) mode of operation.
SYSTEM COMMISSIONING
In order to establish that the capacitance clearance measurement system of SHEARD et al could measure the radius of a bladed disc during the tip grinding process, a two stage commissioning exercise was Engine Centre tine undertaken. A CNC lathe was fitted with a measurement head and grinding spindle. Two cycle scrapped compressor discs were acquired, a Pratt & Whitney JT8 Stages 7 and 11, each with a full blade set. These were chosen as being typical of the type of disc which is routinely ground to size by engine manufacturers and overhaul shops. The commissioning was then split into two stages. The first stage utilised the Stage 11 disc which has blades wedged out into their working Blade Number Figure 8 Offset of the JT8 Stage 11 compressor blades from the longest blade, measured statically using a dial gauge and at 1800 rpm using the measurement head. Dial gauge measurements are offset to the left and measurement head measurements to the right for clarity.
position. This enabled the radius over individual blades to be measured using a dial gauge. Static measurement of radius provided a useful bench mark against which to gauge the accuracy with which the measurement head could measure blade tip radius under rotation. The second phase of the commissioning utilised the Stage 7 disc, which had pin fixed blades that did not adopt their true working position until centrifugally loaded.
PHASE ONE COMMISSIONING
Suitable fittings and a datum disc were manufactured to enable the Stage 11 disc to be mounted on a CNC lathe, Figure 7 .
The disc was spun to 1800 rpm and the measurement head brought over the datum disc. The measurement head is driven in a similar manner to Davidson et al's SMP, with a measurement from its internal datum to the datum disc being made. This procedure is then repeated over the rotating blading, so enabling radius of the longest blade to be calculated.
The capacitance probe is calibrated on-line while making the measurement to the longest blade, the method used is described in detail by Sheard et al [1992] .
The capacitance probe provides a measurement of the clearance over every blade relative to the capacitance probe tip. This is used in conjunction with the measured radius of the longest blade to calculate radius over each blade.
The radius of the Stage 11 disc was measured over each blade using a dial gauge. Dial gauge measurements were estimated to be accurate to +0.01 mm. Sheard et al [1992] concluded that the measurement head was also accurate to +0.01 mm. Dial gauge and measurement head radii were each plotted against blade number, with the vertical axis plotted as offset from the longest blade to enable the scale to be expanded sufficiently for the +0.01 mm error bar to be visible, Figure 8 . The error bars of the two data sets show a high degree of overlap giving confidence in their accuracy. To facilitate comparison with results obtained during grinding the measurement head data was re-plotted against radius, Figure 9 .
The grinding wheel was used to take a 0.05 mm cut, Figure 10 . The repeatability of measured radius for the blades before grinding, Figure 9 , and after a 0.05 mm cut, Figure 10 , was considered excellent, with the exception of those blades which had been ground which were now correspondingly shorter. The process was repeated with a 0.10 mm cut, Figure 11 , 0.15 mm cut, Figure 12 , 0.20 mm cut, Figure 13 , and finally a 0.25 mm cut, Figure 14 . The progression to a finished diameter may be clearly seen from one cut to the next. A dial gauge was used to check the finished radius, which was 290.39 mm, +0.01 mm, over each blade. The measurements made after the final cut exhibited a blade to blade variation in radius of 0.02 mm which compares well to the +0.01 mm variation in radius measured with the dial gauges.
The final check on measurement system performance utilised the measurement head to measure radius over each blade six times. The measurement head was moved from its park to measure position, calibrated then used to measure radius. This procedure was repeated six times. The repeatability of measurement, Figure 15 , is +0.01 mm was in agreement with the +0.01 mm error of SHEARD et al and therefore considered excellent.
At this point phase one commissioning was considered complete as the prototype measurement system had demonstrated that it could make reliable and repeatable measurements of radii over fixed blades while rotating.
PHASE TWO COMMISSIONING
The commissioning exercise continued with the Pratt & Whitney JT8 Stage 7 disc. The blades in this disc are pin fixed, Figure 16 , and therefore do not adopt their true working position until centrifugally loaded.
The prototype measurement head was used to measure radius over individual blades, Figure 17 , with the variation in blade heights being typical of that which would be expected of engine run hardware. The same procedure of taking 0.05 mm cuts used during phase one commissioning was repeated.
After five 0.05 mm cuts radius was re-measured, Figure  18 . The results were disappointing as not only was the scatter in blade radius large compared to that achieved with fixed blades, but the radius had only been reduced by an average of 0.15 mm, not the expected 0.25 mm. Blade Number Figure 9 Radius of the JT8 Stage 11 compressor blades prior to grinding, measured at 1800 rpm using the measurement head. Blade Number Figure 14 Radius of the JT8 Stage 11 compressor blades after a 0.25 mm cut, measured at 1800 rpm using the measurement head.
therefore, reasoned that the grinding technique which was satisfactory for fixed blades was not suitable for use with pin fixed blades. The accurate grinding of loose bladed compressor drums to a specific radius is a specialised machining process. Parameters critical to its success have been established by those working in the field. The recommendations of Winfield [1991] when grinding compressor drums with loose blades are as follows. Use a relatively soft grinding wheel which is dressed immediately prior to use. After completing the final cut allow the grinding wheel to remain over the blading for several minutes. This minimises deflection of the blading due to cutting forces by allowing the blades to "relax" back to their true radial location under the action of centrifugal force. With the grinding wheel still over the blading this minimises blade to blade variation in radius. Lastly, measure the ground compressor after grinding without stopping the machine, as loose blades always re-seat in slightly different positions.
After implementing the recommendations of Winfield the blades were ground to the desired radius, Figure 19 . The blade to blade variation in radius was 0.01 mm, which was an improvement over that achieved previously, Figure 18 . This result confirmed that the discrepancy between the expected results and those initially Blade Number Figure 20 Radius of the JT8 Stage 7 compressor blades after de-burring of the blades, measured at 1800 rpm using the measurement head.
obtained with loose blades was due to the use of a grinding technique inappropriate to the machining of a compressor drum with loose blading.
Once the required radius over each blade had been achieved the blades were de-burred by stopping the machine and manually removing the burr on each blade. The bladed disc was then spun back up to 1800 rpm and radius re-measured, Figure 20 . The act of de-burring the blades combined with stopping and starting the machine caused the blades to re-seat. This resulted in an increase in the blade to blade variation of radius to 0.06 mm, of which 0.05 mm may be attributed to the re-seating of the blades as blade to blade variation in radius had been 0.01 mm.
The variation in blade radius of 0.01 mm, Figure 19 , is within the +0.01 mm error associated with the measurement head. This suggests that the grinding technique used achieved near the limiting accuracy with which blade lengths could be machined to a known diameter. The design of the blade root fixings appears to introduce a variation in blade seating of 0.05 mm, therefore grinding to a more accurate radius would not significantly improve the variation in blade to blade radius of the compressor after the blades had reseated.
The measurement head was able to measure radius to +0.01 mm, with a 0.06 mm variation in radius being seen following the re-seating of the blades. The limiting accuracy with which radius over each blade may be machined to a specified value is, therefore, a function of blade root fixing design and not the +0.01 mm error inherent in the measurement technique. The measurement head was, hence, concluded to be suitable for measuring blade radius during the tip grind process.
Commissioning concluded with an investigation of the effects of disc speed on measured blade radius.
Changing wheel speed from 1400 rpm to 2200 rpm was found to have no effect on the relative heights of the blades. This was not unexpected as even at 1400 rpm the blades experience a centrifugal load of over 400 g so should be seated in their root fixing. An important result, however, was that the measurement head remained unaffected by changes in blade passing frequency.
CONCLUSIONS
(1) An electromechanical measurement system originally developed by Davidson et al [1983] has been successfully used for over five years on manual grinding machines to enable bladed rotors to be machined to an accuracy of +0.025 mm on radius.
(2) There are some situations where an inspection capability to enable the radius of the rotor over every blade to be measured is desirable to ascertain, for example, whether a previously run rotor requires re-blading.
(3) A two stage commissioning trial was undertaken to verify the functionality of a capacitance based measurement head, using a CNC lathe as a base. The conclusion of the trial was that the measuring head could measure radius over individual blades to +0.01 mm.
(4) De-burring rotor blades after the grinding operation combined with stopping and starting the grinding machine introduces a variation in the radial seating of the blades in their root fixing of 0.05 mm. This indicates that the +0.01 mm measurement error is significantly less than the blade to blade variation of radius that is achieved after de-burring of the blading.
(5) Increasing the accuracy with which blade radius may be measured beyond that achieved with the measurement head would not decrease the final blade to blade variation in radius, because of the variation in blade seating.
(6) The accuracy, compact size, tolerance to blade width and blade passing frequency plus the inherent ruggedness of the measurement head were concluded to make it ideal for use during the tip grinding of rotor and stator blade sets.
